Phase behavior of liquid crystals is of long-standing interest due to numerous applications, with one of the key issues being how the presence of impurities affects the liquid crystalline order. Here we study the orientational order of 4-cyano-4 -pentylbiphenyl (5CB) and 4-cyano-4 -hexylbiphenyl (6CB) nematic liquid crystals in the presence of varying concentrations of water and n-hexane molecules serving as impurities, by carrying out both fully atomistic simulations and experiments. Our results reveal that mixing of the impurities (in case of hexane) with the host liquid crystals causes a nematic-to-isotropic phase transition with hexane concentration as the control parameter while demixing (in case of water) results in only weak impurity-induced perturbations to the nematic liquid-crystalline order. We develop a coarse-grained model illustrating the general nature and entropic origin of the mixing-induced phase transition.
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Liquid crystals (LCs) are recognized as a fascinating class of soft condensed matter because of their counterintuitive behavior with fluidity and long range-ordering [1] . LCs and their phase behavior are relevant both in many natural systems, as well as for a wide range of technological applications. For instance, many features observed in living systems are reminiscent of liquid crystalline texture and to model them a description of liquid crystalline order is taken into account [2, 3] . From application perspective, while LCs were originally employed in flat panel displays [4] , they are currently considered also in lots of other applications, including organic electronics [5] , optics, nano-/micro manipulation [6] , electronics, bio-sensing [7] , novel composites, and compact lenses [8] . All of those applications rely on the orientationally ordered state of the LCs called the nematic phase [9] [10] [11] [12] [13] .
While pure nematic LCs are widely studied, the properties of LC-based complex fluids, i.e., mixtures of LCs and other components, are less investigated even if related applications exist [13] . In such systems new features can arise due to combining physical properties of each element or from new structural organizations [1] . Yamamoto et al. [14] have studied mixtures of water, 5CB LCs and surfactants, and observed a novel phase, labeled the 'transparent nematic' phase, where on large scales the LC system appears isotropic while locally exhibiting nematic order. Poulin et al. [13] have observed an intriguing colloidal interaction, originating from the balance of dipole-dipole attractive and defect-mediated repulsive interactions which leads to the formation of chains of water droplets in nematic host-5CB LCs. Organization of anisotropic 1D nano-materials [15, 16] or carbon nanotubes [17] dispersed in thermotropic LCs is the focus of current research because controlling the order in such systems leads to novel electro-optical applications. In these systems, nematic order of the LCs induces order of the anisotropic particles. However, phase behaviour of LCs can be modified when anisotropic molecules/colloids are dispersed in the LC medium. To understand such phase behaviour, Katleen et al. [18] performed experiments with 4-n-octyl-4 -cyanobiphenyl (8CB) LCs in the presence of cyclohexane and water and measured the nematic-to-isotropic phase transition temperature. A linear decrease of the transition temperature is observed as the mole fraction of cyclohexane is increased while water weakly affects the transition temperature. These results were explained using macroscopic arguments based on Landau-de Gennes theory along with an additional term coupling order parameter and mole fraction of the added impurities. Yet, at this stage, description of the relevant microscopic mechanisms are largely missing in the literature as it is difficult to observe experimentally such phase transitions at the atomistic or molecular level.
In this article, we combine fully atomistic simulations and experiments to show how nematic orientational order of the LCs is influenced by the presence of various concentrations of impurities of different kinds. We start by performing atomistic simulations of a typical LC, 4-cyano-4 -hexylbiphenyl (6CB). Two types of impurities mixed with the 6CB LC in its nematic phase are considered: water, which is an associative liquid, and hexane, which is non-associative. Our results show that water tends to form droplets within the LC, and hence does not significantly affect the nematic order of the LC. In contrast to this, adding hexane will lead to strong mixing of hexane and the LC, resulting in an impurity-induced nematicto-isotropic transition at a critical hexane concentration. These numerical predictions are then confirmed by experiments with a similar system: 5 CB LCs mixed with different concentrations of water or hexane. Finally, a coarse-grained model is developed to extract the main physical features responsible for our results, illustrating the entropic origin of the impurity-induced nematic-toisotropic transition. Our main result is twofold: (i) Ordering of LCs is only weakly perturbed by impurities which phase separate into droplets, while impurities mixing with the LCs may induce a nematic-isotropic phase transion, and (ii) such mixing and demixing within the LC host is driven simply by the presence or absence of attractive interactions between the impurity molecules.
Several efforts have been made to simulate properties of liquid crystal systems such as 4-cyano-4-alkylbiphenyl (nCB). In particular, the so-called odd-even effect in nematic-isotropic transition was recently reproduced up to a satisfactory level of accuracy in computer simulations [21] . In the present study we simulate 6CB, but homologues should lead to qualitatively similar results. To construct the atomistic models of 6CB and hexane molecules, we use force field parameters from Refs. [22] [23] [24] . For water, the SPC/E model is employed. Details of the force fields are given in the Supplemental Material. With this model, molecular dynamics simulations are performed with a time step of 1 fs. At the initial state, the system is randomly disposed in a large simulation box of linear dimensions L x = L y = L z = 70Åand equilibrated at a high temperature of T = 360 K for 10 ps under NVT conditions. Then, the temperature is reduced with a constant rate to the target temperature T f . Calculations are finally performed for another 40 ns under NPT conditions at 1 atm and results are computed from time-averaging over the last 5 ns.
To characterize the resulting LC configurations, the order parameter S of the LCs is computed as the maximum eigenvalue of the average ordering tensor Q α,β ,
where u i α (α, β = x, y, z) are the Cartesian components of the unit vector of the LC molecule i, N is the number of LC molecules, and δ α,β is the Kronecker delta. Here, the unit vector of the LC molecule is taken to be parallel to the line connecting the atom 1 and atom 2 as shown in the inset of Fig.1(a) . With this formulation, having a large value of S means that most of the LCs are oriented in the same direction.
Before studying the influence of impurities, the temperature-dependent orientational order of pure 6CB LC is characterized in Fig.1(a) . In particular, a typical nematic to isotropic transition is observed as the temperature increases starting from the low-temperature nematic phase. The largest studied system contains N LC = 216 LC molecules and exhibits a transition at T ≈ 315 K. In what follows, the influence of impurities is studied at room temperature (T = 298 K) where the pure system remains nematic. In general, one expects a 2D 'phase diagram' S(T, n), with n the impurity concentration.
When adding increasing numbers N W of water molecules to the system of N LC = 72 LC molecules, the LCs have a strong tendency to demix with water resulting in formation of water droplets of different sizes at different water concentrations n W ≡ N W /(N W +N LC ); large, system-spanning droplets at large water concentrations appear as 'tubes' due periodic boundaries, see the insets of Fig.1(b ter molecules form intermolecular hydrogen bonds of energy 23.4 KJ mol −1 [25] between electronegative oxygen and electropositive hydrogen atoms via which a network stretching throughout the liquid is constructed and a droplet is formed [26] . Fig.1(b) shows that the presence of such water droplet(s) only slightly perturbs the ordering of the LCs. On the other hand, when adding hexane to the initially nematic LC, the scenario is completely different. Indeed, hexane and liquid crystals strongly mix due to hexane being a non-polar molecule because of 2 factors: (i) the only C-H bond present in hexane is non-polar due to the very similar electronegativities, and (ii) hexane is symmetric such that any polarity in the molecule would cancel out. Therefore, the only intermolecular force acting in hexane are induced dipoledipole forces or van der Waals forces/London dispersion forces which are weak and short-ranged, preventing the aggregation of hexane in the LC medium, see the inset of Fig.1(c) . This mixing of the hexane impurities with the LC molecules results in a sharp nematic-toisotropic transition at a critical hexane concentration of n H ≡ N H /(N H + N LC ) ≈ 0.4, see Fig.1(c) .
In order to confirm these numerical predictions of how ordering of LC molecules is affected by the presence of water and hexane, experiments are carried out. 4-cyano-4-pentylbiphenyl (5CB) instead of 6CB was studied to emphasize the universality of the observed mechanisms. At 299 K, the pure system exhibits clear nematic ordering which is characterized by a turbid white color. Upon heating, the system becomes transparent, implying a transition from the nematic to the isotropic phase, see the insets of Fig.2(d) . In order to quantitatively probe this transition, nile blue molecules are added to the system as their fluorescence properties are sensitive to the LC micro-environment [27] . Indeed, the nile blue emission intensity is higher in the isotropic phase because of either an increased fluorescence absorption or a change in the dipole-moment orientation in the optically excited state.
First, in the pure LC solution, the fluorescence emission signal increases upon heating as seen in Fig.2(a) . Note that upon cooling the 5CBs from 315 K to 299 K, the reverse behavior is also observed. In Fig.2(d) , the nematic to isotropic phase transition of 5CB is observed at approximately 307 K (comparable to the previous experiment [28] ), which is close to our atomistic simulation results and therefore confirms the accuracy of our modeling. Upon addition of water to the LC system we again observe a good agreement with the atomistic simulations as no significant evolution of the fluorescence emission with water concentration is spotted [ Fig.2(c) ]. Furthermore, water droplets can also be seen in the ex- periments [inset of Fig.2(e) ]. Finally, as predicted by our atomistic simulations, an impurity-induced nematicto-isotropic transition is observed when adding hexane molecules at a fixed temperature of 299 K (Fig.2(b) ). The transition is sharp, and occurs at about 20 µl of added hexane in 325 µl of 5CB, which translates into n H of 0.12 ( Fig.2(e) ). In comparison to the atomistic simulations with 6CB, the transition occurs at a lower hexane concentration. Such a difference is expected to result from the small difference between the molecular chain length of 5CB and 6CB, differences in the reduced temperature (T c − T )/T c in the simulations and experiment, as well as from some inherent impurities of the commercial 5CB studied (98% pure). Overall, the key features predicted by our atomistic simulations are well-reproduced in experiments.
To better understand the difference between water and hexane in LCs observed both in atomistic simulations and experiments, we develop and study a coarse-grained model of our LC-impurity system [29, 30] . The model ignores many molecular details, focusing on the role of energy and entropy in the phase behaviour, and allows to avoid finite-size effects as we can easily simulate much larger systems of up to 1000 LC molecules, see Fig.  SM3 in the Supplemental Material. In the model, LC molecules are modeled as 8 purely repulsive hard-sphere beads. The number of beads is adjusted in order to match the size ratio between 6CB and water molecules. Each bead of a LC molecule interacts with the beads of the other molecules using a cut-and-shifted Lennard-Jones (LJ) potential including only the repulsive part. Intra-chain beads interact via a harmonic potential with a high spring constant of 2000 /σ 2 for both stretching and angle coefficients such that the chains behave like rigid rods. The hexane molecules are modeled like the LCs but with 3 beads instead of 8. Water molecules are considered as attractive particles using the same cut-andshifted LJ potential as above but with a larger cutoff. As such, by defining σ as the length parameter of the LJ potential and thus the size of a water molecule, the only remaining parameter is the employed cutoff which is equal to 1.122σ for the repulsive interaction (hard sphere) and 2.5σ for the attractive interaction (water). For the purely repulsive particles, temperature scale is not relevant. Therefore, NVE simulations are used in order to prevent any issues due to adding a thermostat. Attractive water molecules are simulated using the NVT ensemble with k B T = 0.8 in order to reasonably describe water at 300K [31] , with k B the Boltzmann constant. At the initialization step, particles are randomly disposed inside a large simulation box that is reduced using a fixed compression rate in order to match the target packing fraction φ = (1/V ) · N LC · n bead · (4/3)πR 3 LC (with V is the volume of the box, R LC is the radius and n bead the number of beads within each LC which is equal to 8) which plays the role of the inverse temperature in our hard-sphere model (notice that increasing φ and inverse temperature both lead to a decrease of entropy) [32] ; LCs interacting via hard interactions with φ as the control parameter have been studied by several groups to explore the phase behaviour of LCs [33] [34] [35] . Then, simulations are continued for 10 7 steps to reach equilibrium. We point out that while in attractive systems ordering transitions can be obtained by both concentration increase or a decrease in temperature, in purely repulsive systems they can be observed only by using concentration as the control parameter.
This model is able to reproduce the isotropic-nematic transition of the pure LCs by increasing φ instead of reducing temperature [ Fig. 3(a) ]. Notice that analogously to what was found in our atomistic simulations, there is a shift and rounding of the the transition (a finite size effect) when the number of molecules is reduced. From here, we choose to work at φ = 0.32 which is large enough to be located in the nematic phase without suffering from equilibration issues that emerge at larger packing fractions. The agreement with atomistic simulations and experiments continues in the presence of coarse-grained water molecules ( Fig. 3(b) ). This can be expected as similarly to the full atomistic simulations, also here formation of water droplets with the LC is observed, originating from the attractive part in the water-water interaction potential [compare Fig. 3(b) with Fig. 1(b) ]. Finally, adding coarse-grained hexane randomly dispersed within the LC medium perturbs the LC order parameter similarly to our observations in the atomistic simulations and experiments, resulting in an impurity-induced nematicisotropic transition at n H ≈ 0.4 [Fig. 3 (c) ].
In conclusion, we studied the influence of adding impurities to a nematic LC system using both atomistic simulations and experiments. Depending on the nature of the impurities, two distinct behaviors are observed. For water, droplet formation (phase separation) takes place resulting in only weak perturbations to the nematic LC order, while for hexane, no demixing is observed and a sharp decrease of the nematic order parameter is found for large enough hexane concentrations. These results suggest a more general conclusion: adding non-mesogenic impurities should induce a nematic-to-isotropic phase transition only when the impurities mix with the host LCs. This picture is supported by the results from our coarse-grained model, where the structural complexity of the molecules is reduced by modelling them as rigid hard chain-type (LC and hexane) or single-bead (water) molecules. The model thus highlights the crucial role of the presence or absense of mixing of the impurities with the LCs in determining if the impurities are able to significantly perturb the LC order, and that in the case of the purely repulsive coarse-grained LC-hexane model, the impurity-induced nematic-isotropic transition is mostly driven by entropic effects. Hence, this work not only contributes to the overall understanding of the role of impurities mixed with LCs, but also provides a benchmark for controlling LC phase behavior by the addition of non-interacting impurities.
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Pritam Kumar Jana, Julien Lam , Nagma Parveen, Mikko J Alava, and Lasse Laurson Here k l , 9 ? , and k n are the force constants for bond stretching, bond angle bending, and torsional force rotations, respectively. l0 and @ = are the equilibrium bond lengths and angles, ] *N and M *N are the collision distance at which Evdw = 0 and potential well depth, respectively. q i is the atomic charge. l, @, and F are the bond lengths, bond angles, and torsional angles, respectively. Force field parameters used in the simulations are summarized below.
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Force field parameters for 6CB liquid crystals
FIG. SM1. Structural details of 6CB molecule. All digits stand for the identity of the atoms. CA and HA are aromatic carbon and aromatic hydrogen. CP is the ring joining carbon atom. Cn and H represent aliphatic carbon and hydrogen. Cz and Nz are the carbon and nitrogen from the cyano group. When we define the atoms using digits as suffix we consider CA, CP, Cn, CZ≡C or HA≡H. C-C-C-C 7.54536 -0.68081661 1.209859 0.00 H-C-C-H 0.000 0.000 1.378979 0.000 H-C-C-C 0.000 0.000 1.587127 0.000 Atom Charge (e) C 1,6 -0.18 C 2,3,4,5 -0.12 H 0.06 Table 9 . Partial charges for all atoms of hexane molecule used in simulations.
Force field parameters for hexane
Atom m (eV) ] (Å) C 0.002862032 3.50 H 0.00130092 2.50 Table 10 . n and o for all atoms of hexane molecule used in simulations. Nile blue in 5CB at both nematic and disordered state has an absorption peak at about 525 nm. Therefore, the dye was excited at 525 nm in all our measurements using a bandwidth of 2.5 nm and the fluorescence emission was recorded between 550 to 750 nm using a bandwidth of 2.5 nm. The integration time of the spectral acquisition was 0.1 s and a step-size of 1 nm.
